During DNA replication, primases synthesize oligonucleotide primers on single-stranded template DNA, which are then extended by DNA polymerases to synthesize a complementary DNA strand. Primase RepB' of plasmid RSF1010 initiates DNA replication on two 40 nucleotide long inverted repeats, termed ssiA and ssiB, within the oriV of RSF1010. RepB' consists of a catalytic domain and a helix bundle domain which are connected by long α-helix 6 and an unstructured linker. Previous work has demonstrated that RepB' requires both domains for initiation of dsDNA synthesis in DNA replication assays. However, the precise functions of these two domains in primer synthesis have been unknown. Here we report that both domains of RepB' are required to synthesizes a 10-12 nucleotide long DNA primer whereas the isolated domains are inactive. Mutational analysis of the catalytic domain indicates that the solvent-exposed W50 plays a critical role in resolving a hairpin structures formed by ssiA and ssiB. Three structurally conserved aspartates (D77, D78 and D134) of RepB' catalyse the nucleotidyl transfer reaction. Mutations on the helix bundle domain are identified that either reduce the primer length to a dinucleotide (R285A) or abolish primer synthesis (D238A) indicating that the helix bundle domain is required to form and extend the initial dinucleotide synthesized by the catalytic domain.
INTRODUCTION
Transfer of genetic information from viral, prokaryotic, eukaryotic and plasmid genomes to the daughter generation is ensured by the duplication (replication) of genomic DNA. During DNA replication primases synthesize de novo short oligonucleotide primers complementary to the single-stranded parental template DNA (1) . DNA polymerases require the 3'-end of the primer for nucleotide addition, in order to synthesize a complementary DNA strand.
Primers are elongated continuously on the leading strand and discontinuously on the oppositely oriented lagging strand resulting in the synthesis of Okazaki fragments, which require periodically primase activity.
The DNA replication of the broad host range RSF1010 has been extensively studied in Escherichia coli. Unlike its host genomes (i.e. E. coli) RSF1010 is replicated exclusively in leading strand mode (2, 3) (Supplementary figure 1a ).
RSF1010 encodes helicase RepA, primase RepB' and initiator protein RepC, which are required for its own replication alongside the host replication machinery (4, 5) . Binding of RepC to the origin of vegetative replication (oriV) initiates the unwinding of the double stranded plasmid DNA (dsDNA) by RepA in opposite directions (6, 7) and exposes two 40 nucleotide single strand initiator sequences A and B (ssiA, ssiB), which are encoded only once on complementary DNA strands (Supplementary figure 1b, c) . RepB' requires ssiA and ssiB to initiate DNA replication (2, 8, 9) .
The unusually complex ssiA and ssiB are unique to IncQ and IncQ-like plasmids and exhibit hairpin loops at nucleotides 7-27 of ssiA/ssiB (10, 11) (Supplementary figure 1b and 1c ). While RepB' binds specifically the first six nucleotides of ssiA that lie upstream of the hairpin (10) , in vivo studies suggested that primer synthesis may be initiated downstream of the hairpin within a triplet 'GTG' (nt 31-33) (2) . In vitro DNA replication experiments showed that RepB' requires dNTPs for primase activity.
Previous studies provided insights into the RepB' primase mechanism. The X-ray structure of RepB' exhibits a catalytic domain with a mixed α/β fold, that is connected via an unstructured linker to a helix bundle domain. The crystal structure of the catalytic domain of RepB' bound to the first 27 nucleotides of ssiA revealed that a specific binding site for the first six nucleotides is in proximity to the active site suggesting that the missing nucleotides 28-40 of ssiA may bind along the catalytic centre and place the 'GTG' triplet (nt 31-33) close to the three catalytic aspartates 77, 78 and 134 (10) . Comparisons of RepB' with known structures of primases and polymerases revealed that these three aspartates are conserved, and may coordinate two metal ions for the catalysis of the nucleotidyltransferase reaction (12) (13) (14) . DNA replication assays confirmed that RepB' requires these three aspartates for the initiation of dsDNA synthesis (10) . However, the catalytic domain and the helix bundle domain are inactive in isolation and DNA replication is only initiated in presence of both domains (10) .
The helix bundle domain of RepB' binds ssiA with significantly lower affinity (~ 27 µM) compared to the catalytic domain (~ 2 µM), indicating a more transient interaction with ssiA compared to the catalytic domain (10) . Therefore, it was proposed that the catalytic domain remains bound to the 5'-end of ssiA/ssiB during primer synthesis while the helix bundle domain stabilizes the growing primer on the DNA template (10) .
Both, catalytic and helix bundle domain of RepB' have structural orthologues in the archaeo/eukaryotic primase class despite the lack of sequence conservation (15) . X-ray crystallography and biochemical studies of heterotrimeric primase PriSXL from Sulfolobus solfataricus revealed that helix bundle subunit PriX provides the nucleotide binding site for primer initiation while catalytic subunit PriS harbours the nucleotide binding site for nucleotide addition (16) . As observed for RepB', both subunits are far apart from each other in PriSXL indicating that the complex needs to transition into a closed conformation that juxtaposes the nucleoside triphosphates bound to initiation and catalytic sites for dinucleotide synthesis and subsequent elongation to synthesize a primer.
A nuclear magnetic resonance study on the primase part of primase-polymerase ORF904 from archaeal plasmid pRN1 showed the helix bundle domain of ORF904 bound to template DNA and two ATP molecules, suggesting that this structure represents an early step of the catalytic cycle before the template DNA and the two nucleotides are transferred to the catalytic domain for dinucleotide formation (17) .
Several studies have shown that primases act as caliper to limit the primer length (18) (19) (20) . Primases are classified into procaryotic DnaG type and archeal/eucaryotic Pri type primases. Although structurally distinct, both classes have in common that they require a catalytic and an accessory domain for primer synthesis. The latter one is a helix bundle domain in Pri type primase and a zinc binding domain in DnaG type primases, where it has been shown to initiate and regulate primer synthesis and length. The structural requirements that restrict the primer length remain elusive.
While most primases have no sequence specificity or recognize only triplets on template DNA, ssiA and ssiB are unusually long and complex and may have additional structural requirements for primer synthesis. Here, we set out to dissect the structure of RepB' by analysing its primer synthesis in combination with in vitro DNA replication assays.
RESULTS

RepB' begins primer synthesis on thymine 32 of ssiA
As starting point and length of the RepB' primer were unknown, we sought to investigate the primer synthesis of RepB' first. An in vivo study suggested that RepB' begins the primer synthesis within nucleotides 31-33 of ssiA and ssiB (2) .
To verify the exact starting point of the primer synthesis, we established a DNA replication assay using purified RepB' and Vent DNA polymerase, 2′deoxynucleoside-5′-triphosphates (dNTPs) and single-stranded DNA of the phage M13mp18 (M13, Max-Planck strain 18) encoding ssiA in the (+) strand (Figure 1c ). An additional mis-matching adenine signal in position 33, that overlaps with the lower fluorescence signal of guanine 33 can be attributed to the Taq polymerase used in the sequencing reaction, which adds adenosine monophosphate to free 3'-OH termini independent of the DNA template.
RepB' synthesizes DNA primers of up to 12 nucleotides
To investigate the primer synthesis, RepB' was incubated with a mix of dNTPs supplemented with [ 32 αP] dCTP and M13mp18ssiA (Figure 2a To investigate whether W50 affects primer synthesis as well as the initiation of DNA replication, we used site-directed mutagenesis to generate mutant RepB' W50A (Supplementary figure 2). We found that RepB' W50A synthesized mostly short primers of 2, 5 and 6 nucleotides, whereas the synthesis of full-length primers was diminished significantly (Figure 3a ). The predominant species of penta and hexa oligonucleotides indicates that primer synthesis is aborted before the hairpin or after breaking the first base pair of the hairpin pointing to a role of W50 in unwinding the ssiA hairpin. RepB' W50A was still able to initiate DNA replication ( Figure 3b ).
Three conserved aspartates and one arginine in the catalytic centre of
RepB' are required for nucleotidyltransferase activity
Comparison of the RepB' with known primase and DNA polymerase structures revealed the spatially conserved amino acids D77, D78, D134 and R145, which form a nucleotide binding pocket on the catalytic domain (Supplementary figure  4 ). In order to investigate whether these amino acids are required for nucleotidyltransferase activity, primer synthesis of RepB' variants D77A or D78A D134A and R145A was analysed on M13mp18ssiA ( Figure 3B ; Supplementary figure 2). The RepB' mutants D77A or D78A or D134A did not synthesize detectable amounts of primers ( Figure 3a ) and -as reported previously (10)could not initiate DNA replication (Figure 3b ). We conclude that the amino acids D77, D78 and D134 catalyse the nucleotidyltransferase activity of RepB'.
Although primer synthesis of RepB' R145A was below the detection level, the mutant was still able to initiate DNA replication at a low level as previously shown (10) 
The helix bundle domain is essential for primer synthesis
Both, catalytic domain and helix bundle domain are required to initiate DNA replication (10) . To investigate whether the helix bundle domain is involved in primer synthesis or required for handing over the synthesized primer to the DNA polymerase, we analysed primer synthesis of the catalytic (residues 1-212) and helix bundle domain (residues 213-323). When either of the two domains was tested in isolation, neither DNA replication (10) 
The linker connecting catalytic and helix bundle domains of RepB' is required for full primase activity
To test how the linker length (residues 207-218) affects primase activity, we generated RepB'Δ6 and RepB'Δ12 with linker truncations of six (residues 207-212) and 12 amino acids (residues 207-218). Both RepB'Δ6 and RepB'Δ12, synthesized a lower amount of primers than wild type RepB' (Figure 4a RepB' R285A produced only low amounts of dinucleotides (Figure 5a, lane4 ).
Longer primers were not detected suggesting that R285 is involved in the elongation step after dinucleotide formation. Interestingly, although not structurally conserved, R285 is placed into the DNA binding pocket of ORF904 in structural superimpositions. Furthermore, R285 binds a sulphate anion, suggesting that R285 could interact with the phosphate backbone of template DNA and/or the primer and stabilize the growing primer.
Despite the impaired primer synthesis both mutants, RepB' D238A and RepB' R285A, retained primase activity in the DNA replication assay (Figure 5b, lanes 5   and 7) . The activity of RepB' D238A was diminished compared to wild type RepB'. Taken together, these results show that the helix bundle domain is required for dinucleotide synthesis and primer elongation.
DISCUSSION
Here we have investigated primase RepB' of the eubacterial IncQ plasmid RSF1010, which is exclusively replicated in leading strand mode. Compared to known primases, RepB' has two highly similar, unusually complex recognition sites. The catalytic domain of RepB' binds the first six nucleotides of ssiA at the 5' end before the hairpin structure (nt 7-27). Here, we have shown that RepB' synthesizes an 11-12 nucleotide long DNA primer starting with dATP at thymine 32 on the 3' end of ssiA. Our data indicates that W50 is involved in unwinding the hairpin during primer synthesis, which becomes necessary after the primer has exceeded a length of five nucleotides. After dinucleotide formation RepB' moves along the template DNA while nucleotides are being added to the 3' hydroxyl group of the primer until an oligonucleotide primer of defined length is synthesized. Interestingly, we found that RepB' variants with truncations in the linker still synthesize a full-length primer, although such truncations do not permit interaction between catalytic and helix bundle domain. This is because α-helix 6 acts as a spacer between the two domains in the RepB' crystal structure. Thus, our data suggests that α-helix 6 must be repositioned upon activation of RepB' to bring catalytic and helix bundle domain in proximity, whereas the unstructured linker provides the flexibility for optimal interaction of the helix bundle domain with the growing primer. A model for the primer synthesis of RepB' is presented in supplementary figure 6.
METHODS
Cloning
In order to generate truncations of the linker between catalytic and helix bundle domain, we amplified the DNA fragments encoding the catalytic domain 
Protein expression and purification
RepB' and its derivates W50A, Y62F, Y162A, R234A, D238A, D281A, R285A, E302A, RepB'∆6 and RepB'∆12 were expressed and purified using the published protocol for RepB' (10) (table 2). E. coli ER2566 was transformed with the respective plasmids. Bacteria were grown in LB medium to an optical density of 0.6 at 600 nm (OD600). Overexpression was induced by addition of 0.4 mM IPTG Figure 2b) .
The catalytic domain and the helix-bundle domain were expressed and purified as described in (10) . Briefly, the two His-tagged proteins were expressed in E. coli ER 2566 (NEB) under the same conditions as described above for RepB'. Cell Figure 3) .
Production of circular single-and double-stranded DNA of phage
M13mp18ssiA.
The recombinant phage M13mp18ssiA (mp18, Max-Planck strain 18), which carries the ssiA sequence in the multi cloning site, was generated in a previous study (10) . To produce ssDNA and dsDNA of M13mp18ssiA, electro competent E. coli strain JM103 carrying the F'-plasmid were transformed with M13mp18ssiA dsDNA and were grown at 37 °C in 400 µl LB medium for one hour. A volume of 100 µl indicator bacterium E. coli JM103 and 400 µl E. coli transformed with M13mp18ssiA dsDNA were mixed with 3 ml of 0.7 % soft agar and spread on X-Gal/IPTG agar plates containing 100 µg/ml ampicillin and incubated at 37 °C until blue pseudo plaques appeared on the bacterial loan. A phage suspension was prepared by inoculation of 3 ml LBM medium (LB medium, supplemented with 5 mM MgCl2) with a well separated pseudo plaque.
In order to produce M13mp18ssiA dsDNA, a 3 ml pre-culture of indicator bacterium E. coli JM103 was grown in LBM medium at 37 °C for 3 hours (250 rpm) and then diluted 1:10 with LBM medium in a 250 ml Erlenmeyer flask (250 rpm). The 30 ml main culture was then infected with 3ml phage suspension. The infected culture was grown for 5 hours at 37 °C (500 rpm).
Bacteria were harvested (5 min, 16,000 g, 4 °C) and the M13mp18ssiA RF-DNA extracted.
To produce M13mp18ssiA ssDNA, a pre-culture of E. coli JM103 (M13mp18ssiA + ) was diluted 1:50 in TY medium. A volume of 6 ml diluted culture were mixed with 1.5 ml phage suspension and incubated for 5 hours at 37 °C in a 250 ml 
DNA replication assay
The initiation of complementary DNA strand synthesis was tested in vitro using a published protocol (10) . Briefly, 0.5 units Vent DNA polymerase, 50 nM primase RepB', 30 ng M13mp18 ssDNA, 375 µM dNTPs were incubated in 1xNEB buffer for 10 min at 37 °C followed by an 8 min incubation time at 72 °C. The reaction was stopped by addition of 0.5 % SDS. Samples were separated by electrophoresis on 1 % TAE agarose gels and the DNA stained with 0.5 % ethidium bromide. A phosphor-screen (Type MS, Perkin Elmer TM ) was exposed to the gel over night at -80 °C and read out using a phosphor scanner (Cyclone, Perkine Elmer).
Primer synthesis assay
Oligonucleotides of 6, 8, 10, 12, 14 nucleotides in length (TIBMOL BIOL, Berlin)
were radioactively phosphorylated with [ 32 γP] dATP at their 5' ends using phosphokinase (NEB) following the manufacturer protocol and used as a length standards.
Run off DNA sequencing reaction
A DNA replication assay was carried out as described. The DNA sequencing was carried out by AGOWA Genomics (Berlin). Primers are listed Table 1 . 
